With expenditure on imaging patients with cancer set to increase in line with rising cancer prevalence, there is a need to demonstrate the cost-effectiveness of advanced cancer imaging techniques. Cost-effectiveness studies aim to quantify the cost of providing a service relative to the amount of desirable outcome gained, such as improvements in patient survival. Yet, the impact of imaging on the survival of patients with cancer is small compared to the impact of treatment and is therefore hard to measure directly. Hence, techniques such as decision-tree analysis, that model the impact of imaging on survival, are increasingly used for cost-effectiveness evaluations. Using such techniques, imaging strategies that utilise computed tomography, magnetic resonance imaging and positron emission tomography have been shown to be more cost-effective than non-imaging approaches for the management of certain cancers including lung, prostate and lymphoma. There is stronger evidence to support the cost-effectiveness of advanced cancer imaging for diagnosis, staging and monitoring therapy than for screening. The results of cost-effectiveness evaluations are not directly transferable between countries or tumour types and hence more studies are needed. As many of the techniques developed to assess the evidence base for therapeutic modalities are not readily applicable to diagnostic tests, cancer imaging specialists need to define the methods for health technology assessment that are most appropriate to their speciality.
Introduction
Advanced diagnostic imaging technologies such at computed tomography (CT), magnetic resonance imaging (MRI), single photon emission computerised tomography (SPECT) and positron emission tomography (PET) are increasingly advocated for optimal care of patients with cancer. The rising prevalence of cancer within an ageing population means that considerable growth in expenditure on these imaging techniques can be anticipated. With the inevitable constraints of fixed budgets for health care, governments and other purchasers of health care have a responsibility to ensure that there is good evidence for the safety and efficacy of the procedures purchased on behalf of patients. Within this setting of evidence-based medicine, it is pertinent to ask whether cancer imaging provides 'value for money'. This article summarises the available methods for assessing the cost-effectiveness of diagnostic imaging modalities and considers the available evidence supporting the cost-effectiveness of various aspects of cancer imaging, particularly the use of CT, MRI, SPECT and PET as compared to simpler diagnostic tests and non-imaging approaches.
What is cost-effectiveness?
Cost-effectiveness studies aim to quantify the cost of providing a service relative to the amount of desirable outcome gained. However, the conditions under which a This paper is available online at http://www.cancerimaging.org. In the event of a change in the URL address, please use the DOI provided to locate the paper.
service is considered cost-effective will vary considerably depending on one's perspective. A 'social' perspective tends to take into account all of the costs and benefits of the alternatives considered, regardless of which parties incur the costs and receive the benefits. Such studies are often described as 'economic evaluations'. Other studies might be concerned only with the subset of costs and consequences affecting the party that has commissioned the evaluation. These studies are known as 'financial evaluations'.
Cost
Measuring the costs of medical interventions can be quite difficult, especially for the more inclusive, economic evaluations. It is important that cost estimates include not only the costs of diagnostic tests but also the costs of subsequent clinical management resulting from the test results. These downstream costs are often considerably greater than the diagnostic costs, especially if they include surgery or chemotherapy. The term 'opportunity cost' describes the value of benefit foregone by undertaking a new activity. Such opportunities forgone may also be non-diagnostic and in a fixed-budget setting, an increase in expenditure on diagnosis may dictate reduced expenditure on another activity, such as treatment.
Effectiveness and the measurement of outcomes
The effectiveness of a diagnostic test can be considered at a number of different levels ranging from safety and technical performance, through diagnostic performance (e.g. sensitivity, specificity) to therapeutic impact (e.g. changes in clinical management) and health impact [1] . Health impact assessments provide the highest-level assessment of effectiveness and aim to determine the effect that management changes induced by a diagnostic test have upon ultimate health outcomes such as survival, quality-of-life and quality-adjusted survival, measured in quality-adjusted life-years (QALYs). Demonstrating the impact of imaging on ultimate outcomes can be extremely difficult because many steps in the care process intervene between diagnostic imaging and ultimate outcome and the statistical variance that arises at each of these steps obscures the effects of imaging [2] . However, evidence of improved proximal outcomes, such as change in diagnosis or management, should be complimented by evidence of treatment efficacy or quantitative modelling of likely ultimate outcomes using techniques such as decision-tree analysis (see below).
Marginal analysis and the incremental cost-effectiveness ratio (ICER)
Marginal analysis involves calculating the additional costs and benefits associated with a change of some kind.
The cost and effectiveness of an imaging strategy can be compared to an alternative management strategy by using the ICER, defined as: ICER = Cost imaging strategy − Cost alternative strategy Effectiveness imaging strategy − Effectiveness alternative strategy .
If the imaging strategy has a greater effectiveness for a lower cost, the imaging strategy is said to 'dominate' whereas the alternative strategy is 'dominant' if the imaging strategy has greater cost for lower effectiveness. In both cases the ICER is negative. If the imaging strategy has improved effectiveness but with greater cost, the ICER can be used to help decide whether the additional benefit is worth the additional cost. There is no generally accepted ICER value beyond which health sector interventions are considered 'acceptable' and such judgements may vary considerably between different countries and health care systems.
How is cost-effectiveness assessed?
Clinical consensus has been used widely to establish guidelines for the effective use of diagnostic imaging in several countries but confers only low level evidence for cost-effectiveness. More objective and quantitative evidence of cost-effectiveness can be provided either by case-tracking methods or by decision modelling.
Case-tracking studies focus on a series of patients who undergo a particular diagnostic test and individual patients are tracked to determine the costs and benefits that accrue. Ideally, such studies would have a randomised-controlled design but although randomisedcontrolled trials (RCTs) are well established in the assessment of therapeutic manoeuvres, such studies present distinct difficulties when applied to diagnostic imaging technologies [2] . A self-controlled study design offers an alternative in which the clinician is asked to record at the time of referral, the clinical management intended had the imaging modality not been available. Case tracking is then used to determine the actual clinical management that occurred following receipt of the imaging results and compares the actual clinical management to the originally intended plan. Any changes in management can be observed and their costs and benefits assessed.
Decision modelling has emerged as a powerful tool for assessing the likely cost-effectiveness of diagnostic imaging strategies when RCTs are either impossible or unavailable. Each management strategy is represented by a horizontal flow chart with branching points at which a decision is made, resulting in a range of possible outcomes (see Fig. 1 ). The likelihood, cost and value of each outcome associated with all strategies are determined and the average cost and outcome per patient are calculated (e.g. in QALYs) based upon estimates of disease prevalence, diagnostic performance (sensitivity and specificity) of diagnostic tests and costs of diagnostic and therapeutic procedures. Decision modelling studies
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often incorporate a 'sensitivity analysis' to allow for any uncertainty about the input assumptions.
Cost-effectiveness studies of imaging in oncology

Screening
The requirements that need to be fulfilled to render a diagnostic imaging strategy cost-effective for screening are different to those required for effective diagnosis. Firstly, the prevalence of disease within the screened population needs to be sufficiently high. Hence, many screening programs target groups with a higher probability of malignancy. However, even with targeting, the prevalence of cancer amongst those undergoing screening will be considerably lower than amongst patients presenting with clinical symptoms. With low disease prevalence, the specificity of the diagnosis test (i.e. the ability to identify patients without the disease) must be very high to avoid large numbers of false-positive results per cancer case detected. Patients with false-positive results undergo the morbidity of unnecessary assessment tests such as further imaging or biopsy. These additional tests also increase the costs of a screening programme. A further requirement for effective screening is that the curative potential should be improved by early detection. Screening for breast cancer with biennial mammography for women aged 50-70 years has proven costeffective in many countries in Europe and in the USA. The ICER compared to surveillance alone is highly variable across nations with decision-tree analyses giving estimates from approximately £1100/life-year gained in the UK to $21 400/life-year in the USA [3, 4] . In contrast to mammography, the ability of the higher cost techniques of CT, MRI and PET to be cost-effective in cancer screening remains to be demonstrated. CT screening for lung cancer has attracted much interest but decision-tree analyses of cost-effectiveness have produced variable results [5] . These studies have been the subject of much debate with ICER estimates based on USA cost structures ranging between $19 000/lifeyear for a financial evaluation and $116 300/QALY for a full economic evaluation. However, these studies have relied on assumptions about the degree of stage-shift and associated survival benefit from early diagnosis that are yet to be confirmed by on-going clinical trials. A decision-tree analysis of the cost-effectiveness of CT colography in subjects aged 50 years demonstrated an ICER compared to no screening of $24 586/lifeyear [5] . However, colonoscopy would be more costeffective at $20 930/life-year. Untargeted whole-body CT screening has not been subject to technology evaluation but has raised concerns about the downstream costs of investigating incidental benign lesions.
With costs exceeding those of CT, demonstrating cost-effective applications for MRI and PET in cancer screening will prove even harder. MRI has been evaluated in screening for breast cancer in women with a genetic preposition but has been found to be expensive, costing EUR13 930 per detected cancer [6] . A study of PET screening for cancer in 3165 asymptomatic individuals found only 36 tumours (1.1%) [7] .
Diagnosis
The investigation of the solitary pulmonary nodule (SPN) is perhaps the diagnostic cancer imaging application most thoroughly evaluated in terms of cost-effectiveness. Prior to the availability of CT and PET, management of a SPN could be watchful waiting or immediate biopsy. The choice between these options could be based on an assessment of the prior probability of malignancy estimated from factors such as age and smoking history. A number of cost-effectiveness studies from several countries have compared watchful waiting strategies with the use of CT and/or fluorodeoxyglucose (FDG)-PET in order to characterise a SPN as benign or malignant and so select patients for biopsy.
Compared to watchful waiting, the cost of CT characterisation and subsequent management of an SPN in the USA has recently been estimated to be between $6515 and $10 935/life-year gained [8] . These cost-effectiveness values correspond to prior probabilities of malignancy of 79 and 26%, respectively. Based on Australian costs and data, CT characterisation and subsequent management was estimated to cost AU$16 850 per correctly managed SPN when the prior probability of malignancy was 54% [9] . However, several studies have demonstrated that the addition of FDG-PET to management strategies for SPN produces a further incremental gain in costeffectiveness, particularly if reserved for those patients for whom CT is indeterminate. Some studies report that use of PET can produce incremental cost savings with no loss of life-expectancy over a wide range of pre-test likelihood for malignancy whilst ICER values of Y218 000 ($1557) and EUR3218 per life-year gained have been determined for Japan and Germany, respectively [10] [11] [12] . A recent study has indicated that incorporating a quantitative contrast-enhanced CT study into the characterisation of SPNs can potentially enhance the cost-effectiveness of both CT-and PET-based strategies [13] .
Staging
Most evaluations of the cost-effectiveness of imaging in cancer staging compare the relative merits of different strategies incorporating one or more advanced imaging techniques and therefore assume that some form of imaging is desirable. Nevertheless there are studies that have shown improved cost-effectiveness for advanced 
Figure 1
A decision tree comparing five strategies for clinical management following induction chemotherapy for Hodgkin's disease based on the study undertaken by the Health Technology Board for Scotland [18] . [Produced using Extend TM software (Imagine That, Inc., San Jose, USA) with medical imaging blocks from the Crump Institute, UCLA.]
imaging techniques over non-imaging approaches in the staging of prostate and pancreatic cancer. As yet, it is not universal practice to use MRI for local staging of prostate cancer. Many urologists rely on clinical (rectal) examination, serum prostate specific antigen (PSA) levels and the pathological Gleason score to predict the likelihood of extracapsular spread of tumour. Radical surgery is usually withheld if extracapsular spread is believed to be present. A metaanalysis of the accuracy of MRI in staging prostate cancer has shown that sensitivity and specificity values for the detection of extracapsular spread are highly variable [14] .
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If the threshold for diagnosing extracapsular tumour is set high, the sensitivity is low (30%) but the specificity is sufficiently high (97%) such that false-positive results are unlikely. Using MRI in this way to decide which patients should undergo radical prostatectomy can potentially reduce the numbers of patients undergoing surgery in the presence of extracapsular spread undetected by conventional means. MRI could also be used similarly to determine the suitability of patients for prostate brachytherapy which is also only appropriate for tumours confined to the prostate.
Jager et al. [15] used decision-tree analysis to compare the costs and quality-adjusted survival associated with strategies that used conventional means or MRI to select patients for radical prostatectomy. The model included the costs and impact on quality-of-life resulting from complications of surgery such as impotence and incontinence. Based on USA cost structures, the MRI strategy was less expensive ($10 568 vs. $11 669 per patient) with little change in quality-adjusted survival (12.53 QALY vs. 12.52 QALY). If the prior probability of extracapsular spread was greater than 39%, the MRI strategy was both less expensive and more effective, producing improvements in quality-of-life. However, if this probability was less than 10%, the likelihood of MRI finding a patient with extracapsular spread was too low to make its use cost-effective. Thus, MRI would prove costeffective for selected patients depending on the likelihood of extracapsular spread.
The prior probability of extracapsular spread can be estimated from the PSA level and Gleason score as described by Partin et al. [16] . Based on these estimates and the results of the cost-effectiveness study above, it is possible to generate nomograms that display the cost savings and gains in quality-adjusted survival for given PSA levels and Gleason scores (Fig. 2) .
Decision-tree analysis has also been used to assess the cost-effectiveness of advanced imaging techniques in the staging of pancreatic cancer by comparing various imaging strategies with best supportive care [17] . Using USA cost structures, all imaging strategies were more cost-effective than proceeding to surgery without imaging. However, compared to best supportive care, the most cost-effective strategy, CT followed by laparoscopy with laparoscopic ultrasound, achieved an ICER of $87 502, being well above most thresholds for acceptable cost per life-year gained. This finding most likely reflects the limited survival benefit that can be achieved by surgery for pancreatic cancer rather than indicating poor diagnostic performance.
Therapeutic monitoring
There have been few studies evaluating the costeffectiveness of imaging following cancer therapy. However, the recent assessment of PET undertaken by the Health Technology Board for Scotland included a thorough economic evaluation of CT and PET imaging at the completion of induction chemotherapy for Hodgkin's disease [18] . The study used a decisiontree analysis that comprised five strategies (see Fig. 1 ). Two strategies involved no imaging, i.e. immediate consolidation radiotherapy for all patients or surveillance for all patients. In the other strategies patients were allocated to consolidation therapy or surveillance based upon CT alone, FDG-PET alone or PET performed if CT suggested residual disease. With a life-expectancy of 20.8 years and a cost of £4041/patient, CT alone would produce longer life-expectancy and less expenditure than the strategy in which all patients underwent surveillance. However, the model predicted that using CT alone would result in 36% of patients having unnecessary consolidation radiotherapy. This number would be reduced to 4% by use of FDG-PET alone, producing a 0.7 year gain in life-expectancy and a cost saving of £236 per patient.
An application for advanced cancer imaging that could be highly cost-effective is the use of functional imaging to select patients for chemotherapy. One example would be the use of 99m Tc methoxyisobutylisonitrile (MIBI) SPECT to identify patients with non-smallcell lung cancers that express p-glycoprotein mediated multidrug resistance (MDR) and so fail to respond to chemotherapy. A previous study indicates that using a threshold tumour-to-background uptake ratio of 2, this technique can identify responders with 100% sensitivity and 80% specificity [19] . The potential cost-effectiveness of such an approach can be estimated by adding an additional strategy to the cost-effectiveness study of chemotherapy in lung cancer commissioned by the UK's The National Institute of Clinical Excellence (NICE) [20] . In this additional strategy, only patients with tumourto-background ratios of 2 and above would receive chemotherapy (Paclitaxel 135 mg/m 2 and Cisplatin), the remainder receiving best supportive care. Based on a cost for SPECT derived from a further NICE report, Table 1 compares the costs and effectiveness of the three strategies and demonstrates a potential saving of £964 per patient with no loss in life-expectancy which, if extrapolated to a national level, could save in excess of £1.5 million per year. However, further studies are required to confirm the reliability of this application of MIBI SPECT.
Translating the results of cost-effectiveness studies to other countries
An important limitation of cost-effectiveness studies in imaging is that the results indicating a cost-effective imaging strategy in one country cannot be assumed to apply elsewhere [21] . A major determinant of costeffectiveness is the cost of imaging relative to the 
Figure 2
Likely cost savings (a) and gain in quality-adjusted survival (b) by use of MRI based on PSA and Gleason score (derived from Jager et al. [15] and Partin et al. [16] ). Table 1 The potential improvements in cost-effectiveness produced by using MIBI to select patients with nonsmall-cell lung cancer for chemotherapy cost of treatments saved by more accurate diagnostic assessment. For example, international variations in the ratio of PET costs to surgical costs have been estimated at between 4 and 30% [22] . Cancer imaging is more likely to prove cost-effective for a broader range of indications in those countries where this ratio is lowest. However, international differences other than cost can also impact upon cost-effectiveness studies, including variations in disease prevalence. These differences may either be in the prevalence of the disease to be detected or in the prevalence of a second disease that can produce false-positive imaging results, thereby reducing the specificity values obtained for an imaging test in a particular country. One example of the latter would be the variable prevalence of granulomatous disease of the lung, a recognised cause for false-positive FDG-PET results in SPNs.
Although the results of case-tracking studies are only applicable to populations with a similar disease prevalence and imaging performance, decision-tree studies that incorporate sensitivity analysis can model the effects that any population differences may have upon costeffectiveness [21] . However, decision-tree analyses are only useful when the model closely approximates actual clinical practice. Demonstrating that the results of local
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case-tracking studies are consistent with the findings of decision-tree analysis can usefully validate the model employed.
Summary
There are clear examples in which CT, MRI and PET can be shown to be cost-effective in the management of patients with cancer. The case for the cost-effectiveness of these advanced cancer imaging techniques is stronger for applications in diagnosis, staging and monitoring therapy than for screening. However, the inability to transfer study results between tumour types, or from one country to another, means that many more studies will be required to confirm broad cost-effectiveness of cancer imaging at an international level. With health care resource allocation increasingly made on the basis of evidence of cost-effectiveness, it is essential that cancer imaging specialists engage with the processes of evidence-based medicine as applied to imaging. As many of the techniques developed to assess the evidence base for therapeutic modalities are not readily applicable to diagnostic tests, there is a need to define and develop methods of evaluation that are most appropriate to cancer imaging.
Key points
• Demonstrating the cost-effectiveness of imaging technologies is growing in importance as expenditure on imaging patients with cancer is set to increase with rising cancer prevalence.
• Imaging strategies that utilise CT, MRI and PET have been shown to be more cost-effective than nonimaging approaches for the management of certain cancers in some countries.
• There is stronger evidence to support the costeffectiveness of advanced cancer imaging techniques for diagnosis, staging and monitoring therapy than for screening.
• More studies are needed as the results of costeffectiveness evaluations are not directly transferable between countries or tumour types.
• Cancer imaging specialists need to define the methods for health technology assessment most appropriate to their speciality.
